Concrete is nonhomogeneous and comprises aggregate, mortar, and interfacial transition zones at the mesoscopic scale. e aggregate shapes significantly affect the development of microcracks. To deal with the problem of imprecise description of actual aggregate, an innovative method of modeling concrete is proposed in this study considering geometric boundaries of actual aggregate. First, the geometric feature points of the actual gravel aggregates, that is, the shape of the actual aggregate, are obtained by laser scanning. e geometric feature points are then moved randomly in the plane. Using this method, an aggregate library is established based on the actual aggregates. Finally, the front polygons-rear circumcircle conflict and overlap criteria are proposed, which can achieve a rapid placing process of the multicontrol point aggregate. Using this method, numerical uniaxial tensile and three-point bending beam tests are conducted and the results are compared with the round aggregate model. e results indicate that the geometric properties of aggregates have both blocking and guiding effects on crack development. erefore, the proposed modeling method is better suited for analyzing crack development.
Introduction
Traditional macroscopic models assume that concrete is isotropic based on continuum mechanics. However, the models cannot explain the crack propagation routes under external loads. Furthermore, it is also difficult to describe the concrete damage caused by stress concentrations [1] . erefore, the macroscopic model is not able to determine the relationship between the internal structure of concrete and the macroscopic mechanical properties.
With the advances in computing power, different modeling methods of concrete in the mesoscopic scale were proposed [2] [3] [4] [5] [6] [7] [8] [9] . Among these methods, the random aggregate model assumes that concrete comprises aggregate, mortar, and interfacial transition zones [10] [11] [12] . It highlights the random distribution of the aggregate and gives an explicit characterization of the aggregate shape [13] .
Pebble aggregate was typically simulated by the circle and the ellipse in two dimensions [14] [15] [16] [17] or the sphere and the oval in three dimensions [18, 19] . For the gravel aggregate, the scholars typically reduced it to polygons or polyhedrons. For instance, Gao and Liu [20] used triangles and quadrilaterals as an aggregate base, and new aggregates were generated by adding new vertices and controlling the side lengths. Sun et al. [21] used random circles as the aggregate size to generate triangular aggregate bases and then grouped all the bases simultaneously and extended them randomly, thereby generating high aggregate content models. Ma et al. [22] used the Wallavin formula to determine the distribution of two-dimensional (2D) concrete specimens and then extended the internal polygon base until its area was the same as the circle aggregate. In the abovementioned studies, all the aggregate models were based on regular geometry, and specific mathematical algorithms were applied to structure the shape. However, this does not reflect the characteristics of actual aggregates.
Simulations based on actual aggregate have become increasingly popular [23] . e primary method is to build an aggregate model using computed tomography (CT) slice images. ese can better characterize the actual aggregate geometry. Ren et al. [24] used X-ray CT images to obtain the shape and location information of aggregates, and from this, they proposed the mesoscopic finite element fracture model. Qin and Du [25] used the bottom-hat transform methods to convert CT slices into three-dimensional (3D) images.
He reconstructed concrete 3D models based on the volume data method; the model took porosity into consideration. Pan et al. [26] analyzed the size distribution of 2D aggregate based on the 3D sections and proposed a numerical method. Applying this method, the 2D mass-distribution function with arbitrary gradation can be determined. Fu et al. [27] used the polygons to approximately describe clear outlines on the CT slices. e aggregate sizes were normalized, and the double criterion was used to judge the aggregate intrusion. Li and Wang [28] established a relatively complete system for concrete mesoscopic mechanics analysis to simulate the process of early-age shrinkage cracking in high-performance concrete based on CT image reconstruction. Although the CT reconstruction technology can characterize the shape of the actual aggregate satisfactorily, the aggregate shape and gradation are limited by the specific slice. A significant number of experiments are needed to satisfy varying gradations; therefore, this method has a low simulation efficiency.
In order to improve the aggregate modeling, we proposed an innovative method. is study uses 2D modeling as an example and is organized as follows. Section 2 introduces the method of aggregate generation, including scanning of actual aggregate and the establishment of an aggregate library. In Section 3, the aggregate placement basic principle and overlap criteria are discussed. Two numerical mechanical tests are conducted and discussed in Section 4, and the advantages of the proposed model are analyzed. Finally, the conclusions are presented in Section 5.
Aggregate Generation

Scanning of Actual Aggregate.
For actual aggregate, the outline shape of the single aggregate is complex and concave-convex. A Creaform handheld laser scanner was used to scan aggregate particles for the 3D shapes. e reconstructed aggregate images were obtained by scanning the actual aggregate, as shown in Figure 1 .
e numerous contour points of the reconstructed aggregate can describe the actual aggregate accurately, as shown in Figure 2 (a). However, this makes the meshing and calculation in finite element models highly complex. erefore, it is necessary to deal with the contour points of the actual aggregate.
To simplify the contour points, the key control points should be extracted from the original contour points. ese points can describe the basic shape of the actual aggregate using as few as possible contour points. e aggregate shape is simplified as shown in Figure 2 (b) and is known as the aggregate base of the actual aggregate.
In this study, the control of the curvature and the minimum distance between two points are used to reduce the number of contour points, and the simplified aggregate shape can be generated by geometric control points and straight lines. Before determining the minimum distance between two points, the average particle size of each aggregate is calculated as follows:
where R ave is the average particle size of the aggregate, R i is the distance from the contour control point to the geometric center, and N is the number of contour control points. Assuming any point on the contour as the starting point, the distance between two adjacent control points satisfies where α is the distance control coefficient. e control conditions for curvature control using the three-point method are as follows: find the circumscribed circle of the triangle formed by three adjacent points, and the curvature radius of the circumscribed circle can be obtained. If the curvature radius is greater than a given value, the middle point is removed. e radius of curvature for any three consecutive points is calculated as follows:
(1) Calculate the length of each side of the triangle according to the coordinates of three points: n i n i+1 , n i+1 n i+2 , and n i+2 n i . (2) Calculate the angle of the triangle vertex opposite to the circumscribed circle, θ � ∠n i n i+1 n i+2 , according to the cosine theorem. (3) Use the sine theorem to find the radius of curvature R � ((n i+1 n i+2 sin(θ/2))/( sin(π − θ))). (4) e curvature control radius can be taken as 0.15-0.2 times the average particle size.
Establishment of Aggregate Library.
Because of the statistical similarities among different aggregates, the key control points of the actual aggregates can be used as an aggregate base to generate new aggregates. e method of generating new aggregates randomly is as follows:
(1) Two circles are drawn with radii α 1 R ave and (1 + α 2 )R ave , and the centroid of the aggregate is taken as the center of the circle. As shown in Figure 3 (a), the control points move between the annular band comprising the two circles, and α 1 and α 2 can be determined according to the shape of the new aggregate. (2) Select a control point in all control points randomly, and allow it to move randomly along the double arrow line in Figure 3 (a). e distance moved is controlled as nR ave (0 < n < 1), and the number of random moves "num" is selected according to the deviation from the base shape of the original aggregate.
show an example of the new aggregates generated after random movement, and the contours of the aggregates had been determined. However, the particle size and the location of the aggregate should be taken into consideration when it is placed into the designated area.
erefore, we need ways to determine the local coordinates of the aggregate particles and to adjust the particle size in accordance with the particle size distribution to treat the aggregate generated above.
e local coordinates of the aggregate particles are determined by subtracting the geometric center coordinates from the outline coordinates of the aggregate so that the geometric center point is at the origin. erefore, this point is easily located when the aggregate is placed.
Adjusting the particle size in accordance with the particle size distribution allows the determination of the circumscribed Advances in Materials Science and Engineering 3 circle diameter of each aggregate in the aggregate library, with aggregate coordinates as follows:
e aggregate sizes have been treated after the application of (3), and when placing aggregates, the aggregate coordinates are enlarged and located based on the gradation determined by the Walraven formula.
After scanning the different shapes of actual aggregate, the number of aggregate bases is determined. On this basis, the above methods are used to generate new aggregates and a statistically significant actual aggregate library is formed.
Aggregate Placement
Basic Principle.
Aggregate placement requires that aggregates do not overlap and achieve a certain aggregate content. Previously, the bulk of random aggregate models were simple convex polygons. In the process of placing, scholars established the criterion of aggregate intrusion in order to avoid the overlapping of aggregates, including the arc discrimination method [29] , the area discrimination method [20] , the angle sum test method [21] , the state matrix method [30] , and the aggregate determination method based on a background grid [31] . In actual aggregates, the contour shape is more complex and has a greater number of control points than the simple convex polygons. In addition, earlier discriminant methods for the placement were limited by computational inefficiencies.
erefore, it is necessary to establish an aggregate placement algorithm that adapts to the actual aggregate multicontrol points.
In this study, we propose an aggregate placement algorithm based on the intrusion judgment of front polygonsrear circumcircle. e algorithm is proposed as follows.
Determine the circumcircles of each aggregate in the actual aggregate library, and then place the aggregates from large to small according to gradation. When placing a new aggregate, determine if the new aggregate circumcircle and the placed aggregate contours overlap: the new aggregate is correctly located when they do not overlap. e algorithm effectively solves the problem of low discriminating efficiency between polygons with significant numbers of control points while simultaneously satisfying the gradation variation of the aggregates without creating large gaps between the aggregates. is method is a novel way to place actual aggregates with complex geometric boundaries.
e Walraven formula is used to calculate the area occupied by each gradation. e Walraven formula [32] is as follows: 
(4)
An aggregate is randomly selected from the aggregate library, and the circumcenter circle is determined. In order to ensure the randomness of aggregates, the aggregates were subjected to aggregate rotation and particle size gradation before placing.
Aggregate rotation is performed by randomly rotating a selected aggregate around its circumscribed circle center:
where x 0 and y 0 are the coordinates of the control point before rotation, x 1 and y 1 are the coordinates of the control point after rotation, and ran1 and ran2 are the random numbers from 0 to 1. Particle size grading is performed by randomly expanding aggregates within a range according to the graded distribution range of the aggregates, generating aggregates meeting the specified gradation requirements:
where x 2 and y 2 are the coordinates of the control point after expansion; D 1 and D 2 are the maximum and minimum particle sizes in the grading range, respectively; and ran3 is a random number from 0 to 1. e aggregates are placed from large to small until the cumulative area satisfies the gradation requirements. Once this gradation placement is completed, the next gradation placement will be done.
Aggregate Overlap
Criteria. An aggregate placement process is complete when the circumcircle of the aggregate is placed into the designated area. erefore, it is necessary to judge whether the circumcircles of the existing aggregates and the new aggregate overlap when placing, and this can be regarded as the intrusion relationship between polygons and circles.
e method simplifies the judgment required between traditional polygons. Simultaneously, the principle of placing aggregates from large to small circumvents the problem of low aggregate content because of gaps between the circumscribed circles and the polygons.
When judging the location of the relationship between circles and polygons, it can be divided into three cases: (1) control point inside circle; (2) polygonal edges intersect with circles; and (3) circle inside the polygon, as shown in Figure 4 . For the first case, it can be immediately determined if the aggregate control point is inside the circumcircle; for the second case, it is required to judge whether the distance from the circumcircle center to the straight line is smaller than the circumcircle radius and whether the vertical point falls on the line segment formed by the adjacent control point; for the third case, calculate each angle between the circumcircle center and two adjacent vertices, and then determine if the sum of these angles is equal to 360°.
Aggregate Generation by Gradation.
e coarse aggregates of concrete are divided into four gradations according to the particle size: small stone (5-20 mm), stone (20-40 mm), large stone (40-80 mm), and extra-large stone (80-150 mm) [33] . Using the method proposed in this study to generate two, three, and four-gradation concrete specimens, as shown in Figure 5 , the size of the two-gradation aggregate model is 150 × 150 mm, and the aggregate content is 45.42%. e size of the three-gradation aggregate model is 300 × 300 mm, and the aggregate content is 52.17%. e size of the four-gradation aggregate model is 450 × 450 mm, and the aggregate content is 54.00%.
Numerical Test and Discussion
Concrete Uniaxial Tension Test.
e 2D aggregate model established in this study is based on the actual aggregate boundary features and has a high degree of similarity with the actual aggregate. In order to study the effect of aggregate shape on the macroscopic mechanical properties and failure characteristics of concrete, numerical simulations of the uniaxial tensile test and three-point bending test of circle aggregate model and actual aggregate model were conducted. e aim was to determine the aggregate shape influence on macroscopic mechanical behavior.
According to the above algorithms for generation and placement, an actual aggregate model and a circular aggregate model are generated; the geometric model is shown in Figure 6 . e specimen size is 100 × 100 mm and the aggregate size is 2-20 mm. e aggregate contents of the actual aggregate model and the circular aggregate model are 49.09% and 49.11%, respectively, and geometric shrinkage reduces the interface thickness by 0.5 mm to form an interface between aggregate and mortar.
e geometric model of the aggregate is imported into the ABAQUS finite element software. e mesh is divided by a quadrilateral-based freeform grid. Taking the actual aggregate model as an example, the model grid is divided into a grid as shown in Figure 7 , and the total number of elements is 50,717. e total number of nodes is 50,149.
e ABAQUS damage plasticity model is used to describe the fracture behavior of concrete materials. is model can be used to characterize the inelastic behavior of concrete combined with isotropic elastic damage and isotropic tensile and compressive plasticity theory. In order to simplify the calculation, the evolution model of the double-fold damage variable [34] is adopted as the constitutive of each phase material, as shown in Figure 8 . e damage variables can be expressed as
where f t is the tensile strength, f tr is the residual tensile strength, ε 0 is the principal tensile strain corresponding to f t , ε r is the residual strain corresponding to the tensile residual strength f tr , ε u is the ultimate tensile strain, and ε max is the largest primary tensile strain value of the loading history. e relationship between parameters is f tr � λf r (0 < λ < 1), ε r � ε 0 , and ε u � ξε 0 (ξ > η). e concrete phase material mechanical parameters are presented in Table 1 , where λ was taken as 0.1, η was taken as 10, and the aggregate, mortar, and interface ξ were taken 5, 4, and 4, respectively. e concrete uniaxial tensile specimen calculation diagram is shown in Figure 9 , where the left boundary is the applied horizontal constraint, the left middle is the applied vertical constraint, and the right boundary is the applied displacement load.
e macroscopic stress-strain curve of the concrete tensile specimen is shown in Figure 10 . In the elastic phase, the gradients of the stress-strain curve of the circular aggregate model and the actual aggregate model are essentially identical, which indicates that the stress characteristics of the macrospecimens in the elastic phase are the same. At the end of the elastic phase, the strain of the specimen approaches 7 × 10 −5 , numerous cracks are initiated at the interface in the concrete specimens, and microcracks are formed.
After entering the softening stage, the damage area expands as the strain increases. In order to observe the development of macroscopic cracks, the strain of the test specimens was increased to greater than 2 × 10 −5 , where Apart from the small cracks that developed on the left side of the circular aggregate model, macroscopic cracks continued to develop along the aggregate interface and the mortar in the middle left of the specimen and finally formed a macroscopic crack perpendicular to the tensile direction of the specimen, as shown in Figure 11 (a). For the actual aggregate model, the crack developed on the right of the specimen perpendicular to the direction of stretching. Unlike for the circular aggregate, the macroscopic cracks in the actual aggregate model developed simultaneously at the two interfaces, a phenomenon known as crack bifurcation, and finally met at the bottom, as shown in Figure 11(b) . From the stress-strain curve, as the aggregate shape and aggregate distribution of the circular aggregate model and the actual aggregate model are different, the stress peak and the corresponding strain of the actual aggregate model are marginally greater than that of the circular aggregate, which led to single and bifurcation cracks. is phenomenon reflects the significant influence of aggregate geometry on the macroscopic mechanical properties of the specimens.
In the descending section of the stress-strain curve, the aggregate cracks continue to develop.
e stress-strain curves of the actual aggregate model and the circular aggregate model decrease at a similar rate, and the softened end of the curves are coincident. At this point, the crack in Advances in Materials Science and Engineeringthe specimen has approximately penetrated the specimen, indicating that the geometric characteristics of the aggregate will result in different curves in the softening section. e ultimate stresses of the specimen were essentially identical.
ree-Point Bending Concrete Beam
Test. e calculation diagram of the concrete three-point bending beam specimen is shown in Figure 12 . e material parameters of each phase are the same as before, and the specimen size is taken as 400 × 100 mm. To reduce the difficulty of meshing and calculation, the middle of the specimen is taken as a nonuniform area and both sides of the specimen are taken as a uniform area. e model mesh is shown in Figure 13 , with a total number of 62,988 units and 62,707 nodes. e reaction force and the deflection of the mid-bottom point of the beam are extracted from the simulation results.
e load-deflection curve is obtained as shown in Figure 14 , where it can be seen that the gradient of the circular aggregate model in the elastic phase is slightly greater than that of the actual aggregate model, and the circular aggregate has a greater peak stress than the actual aggregate. When compared with the uniaxial tensile stress-strain curve, the softening section of the load-deflection curve is relatively flat while the curve of the circular aggregate model decreases faster than the actual aggregate model. However, the eventual trends of the two models are similar.
From the final crack distribution and crack developing process, as shown in Figure 15 , it can be seen that under the influence of the loading and the boundary conditions, the macroscopic crack initiation zone is formed in the rightbottom area and points to the loading point. e crack of the circular aggregate model begins developing in small aggregates and mortar and reaches aggregate 1 as shown in Figure 15(a) , where the development of cracks is blocked and continues to develop upward along the boundary of aggregate 1. e same phenomenon, known as the aggregate blocking effect, is seen for aggregates 2, 3, and 4. For the actual aggregate model, the cracks also occur in the interface and mortar, and the crack development changes the direction along the boundary of the aggregate depending on the shape of the aggregate, as can be seen for aggregates 1, 2, 3, and 4 in Figure 15 (b). is was especially noticeable in aggregate 1, where the crack clearly changed the direction, indicating that the shape of the aggregate directs the crack development. erefore, it can be concluded that the aggregate geometry has the effect of blocking and guiding the crack in the mesoscale model, while the blocking effect tends to occur in the circle aggregate model and the guiding effect in the actual aggregate model. However, the blocking can also be observed in the actual aggregate model, as shown in Figure 15 (b), and for aggregate 5, the effect of blocking cracking is more obvious when the aggregate length direction is perpendicular to the fracture direction. It can be seen that the softening end of the actual aggregate model load-deflection curve gradually flattens.
Conclusions
A model of concrete micromechanics based on the geometric boundaries of actual aggregate was proposed. As opposed to the polygon model, it uses the boundaries of actual aggregate as a base to generate new aggregates. In addition, the model could place the aggregates according to their gradation. To solve the problem of low discriminating efficiency of polygons with a great number of vertices, the front polygons-rear circumcircle conflict and overlap criteria were proposed.
Based on these proposed solutions, numerical tests of uniaxial tension and three-point moment beams were conducted. e results indicated that the geometric properties of aggregates have both blocking and guiding effects on crack development. As opposed to traditional models, the simulation of crack development in the model proposed in this study approximates actual crack development. 
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